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Computational  analysis  of  intersubject  variability  and  thrombin 
generation  in  dilutional  coagulopathy 
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BACKGROUND:  Blood  dilution  is  a  frequent  complica¬ 
tion  of  massive  transfusion  during  trauma  and  surgery. 
This  article  investigates  the  quantitative  effects  of  blood 
plasma  dilution  on  thrombin  generation  in  the  context  of 
intersubject  variability. 

STUDY  DESIGN  AND  METHODS:  A  thoroughly  vali¬ 
dated  computational  model  was  used  to  simulate  throm¬ 
bin  generation  curves  for  472  healthy  subjects  in  the 
Leiden  Thrombophilia  Study.  Individual  thrombin  curves 
were  calculated  for  undiluted  blood  and  for  different 
dilution  scenarios.  For  every  such  curve,  five  standard 
quantitative  parameters  of  thrombin  generation  were 
calculated  and  analyzed. 

RESULTS:  Thrombin  generation  parameters  in  diluted 
blood  plasma  displayed  significant  intersubject  variabil¬ 
ity  (with  a  coefficient  of  variation  up  to  approx.  28%). 
Nevertheless,  dilutional  effects  in  the  majority  (or  all)  of 
the  subjects  in  the  study  group  were  characterized  by 
persistent  patterns.  In  particular,  the  largest  dilution- 
induced  change  typically  occurred  in  the  maximum 
slope  (MS)  of  the  thrombin  curve,  followed  by  a  change 
in  thrombin  peak  height  (PH),  whereas  the  smallest 
change  often  occurred  in  the  area  under  the  curve.  The 
identified  patterns  demonstrated  considerable  robust¬ 
ness  to  variations  in  dilution  scenario  and  tissue  factor 
concentration. 

CONCLUSION:  Dilutional  effects  on  thrombin  genera¬ 
tion  in  a  human  population  can  be  predicted  from 
trends  identified  for  the  “average”  subject  and  then 
refined  by  performing  an  analysis  of  actual  subjects  in 
the  study  group.  The  MS  and  PH  are  dilution  indicators 
that  are  both  sensitive  and  reliable  across  a  large 
subject  group  and  could  potentially  be  used  as  disease 
markers  in  the  diagnosis  of  coagulopathic  conditions. 


Resuscitation  efforts  in  trauma  care,  as  well  as 
various  surgical  procedures,  often  require  the 
transfusion  of  fluids  and  blood  products  that  do 
not  contain  (or  contain  reduced  amounts  of) 
the  biochemical  components  of  the  blood  coagulation 
system.  This  leads  to  the  dilution  of  coagulation  proteins 
and  may  thereby  impair  blood  clotting,  that  is,  induce 


ABBREVIATIONS:  AT  =  antithrombin;  AUC  =  area  under  the 
thrombin  curve;  CT  =  clotting  time  (time  to  10  nmol/L 
thrombin);  FC(s)  =  fold  change(s);  LETS  =  Leiden  Thrombo¬ 
philia  Study;  MS  =  maximum  slope  of  the  thrombin  curve; 

PH  =  thrombin  peak  height;  PT  =  thrombin  peak  time; 

TAT  =  thrombin- antithrombin;  TF  =  tissue  factor;  TFPI  =  tissue 
factor  pathway  inhibitor. 
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dilutional  coagulopathy.1,2  Besides  medical  intervention,  a 
decrease  in  the  concentrations  of  clotting  factors  during 
hemorrhage  can  result  from  their  consumption,  as  well  as 
from  the  shift  of  fluids  from  the  interstitial  to  the  vascular 
space.3  Systematic  quantitative  analysis  of  dilutional 
effects  is  complicated  by  the  significant  intersubject  vari¬ 
ability  in  coagulation  factor  levels.4  This  variability  has  a 
profound  impact  on  the  kinetics  of  blood  coagulation,4,5 
resulting  in  potentially  prothrombotic  or  prohemorrhagic 
phenotypes  in  apparently  healthy  subjects.6,7  It  is  thus 
conceivable  that  the  effects  of  dilution  on  blood  clotting 
might  be  significantly  different  for  different  subjects. 
Alternatively,  it  can  be  hypothesized  that  dilutional  effects 
follow  major  trends  that  hold  for  the  vast  majority  of  the 
human  population  and  can  be  detected  by  analyzing  the 
effects  of  dilution  in  a  system  with  mean  plasma  concen¬ 
trations  of  coagulation  factors  (i.e.,  the  “average”  subject). 
In  this  work,  we  investigated  the  possibility  of  the  exist¬ 
ence  of  such  major  trends  for  in  vitro  thrombin  generation 
in  blood  plasma. 

The  generation  of  thrombin,  due  to  its  critical  and 
diverse  functions  as  a  key  coagulation  enzyme,  is  central  to 
blood  clotting.8,9  Thrombin  formation  is  triggered  by  the 
protein  tissue  factor  (TF),  which  activates  the  biochemical 
coagulation  network  when  blood  from  a  damaged  vessel 
comes  into  contact  with  surrounding  tissues.10'13  Throm¬ 
bin  generation  in  vitro  occurs  in  three  phases:  initiation, 
propagation,  and  termination14,15  (or,  alternatively,  initia¬ 
tion,  amplification,  and  propagation10),  which  are  reflected 
by  the  peak- shaped  thrombin  generation  curve  (Fig.  1). 
Such  curves  are  typically  characterized  by  five  quantitative 
parameters:  clotting  time  (CT;  which  we  define  as  the  time 
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to  10  nmol/L  thrombin16),  thrombin  peak  time  (PT), 
maximum  slope  of  the  thrombin  curve  (MS),  thrombin 
peak  height  (PH),  and  the  area  under  the  thrombin  curve 
(AUC;  Fig.  1A).  While  a  number  of  recent  studies  have 
addressed  the  effects  of  dilution  on  these  parameters,17'20  it 
is  still  unknown  which  of  the  five  parameters  displays  the 
highest  sensitivity  to  blood  plasma  dilution.  Furthermore, 
some  of  the  studies  of  dilution-induced  effects  on  throm¬ 
bin  generation  parameters  have  reported  disparate  results 
(e.g.,  see  De  Smedt  et  al.,17  Schols  et  al., 19,20  Dunbar  and 
Chandler21).  The  causes  for  disparities  (which  may  be  due 
to  differences  in  experimental  protocols16,22,23  or  be  the 
result  of  intersubject  variability5)  are  not  immediately 
obvious,  suggesting  that  new  approaches,  complementary 
to  traditional  experimentation,  should  be  used  to  interpret 
the  existing  results  and  guide  further  experimental  work.16 

Here,  we  studied  dilution  by  performing  computa¬ 
tional  thrombin  generation  analyses  on  a  data  set 
obtained  as  a  part  of  the  Leiden  Thrombophilia  Study 
(LETS).24  Computer  modeling  approaches  that  account 
for  intersubject  variability  have  been  successfully  applied 
to  study  thrombin  generation  in  normal  blood4  and  to 
analyze  the  factors  contributing  to  different  pathologic 
conditions  and  therapeutic  interventions  that  could  lead 
to  thromboembolic  events.25'28  Our  numeric  modeling 
method  relied  on  the  use  of  the  computational  model  of 
thrombin  generation  developed  in  K.  Mann’s  labora¬ 
tory.14,29  This  model  has  demonstrated  adequate  accuracy 
when  benchmarked  against  experiments  with  synthetic 
blood  plasma  and  natural  blood  systems  and  has  been 
validated  by  the  laboratories  of  K.  Mann15,30'32  and  S.  Dia¬ 
mond,33,34  as  well  as  by  our  own  research  group.16 

We  used  the  computational  model 
to  calculate  the  five  thrombin  generation 
parameters  for  every  individual  in  the 
LETS  control  group  in  the  case  of  normal 
(i.e.,  undiluted)  blood  plasma  composi¬ 
tion,  as  well  as  for  different  dilution 
scenarios.  We  found  that  the  inter¬ 
subject  variability  in  thrombin  genera¬ 
tion  parameters  impacted  by  dilution 
can  be  significant.  Despite  this  variabil¬ 
ity,  we  were  able  to  detect  robust  pat¬ 
terns  that  characterize  dilutional  effects 
in  the  majority  (or  all)  of  the  subjects  and 
hold  for  several  dilution  scenarios  and 
for  different  TF  concentrations. 

MATERIALS  AND  METHODS 
Study  group 

We  performed  computational  analyses 
of  an  experimental  data  set  obtained  in 
the  course  of  the  previously  published 
LETS.24  The  data  set  consisted  of  coagu- 


Fig.  1.  Numeric  simulation  of  thrombin  generation  for  the  average  subject.  Thrombin 
generation  was  initiated  with  TF  at  Time  0;  coagulation  factors  were  assumed  to  be  at 
their  mean  plasma  concentrations  or  corresponding  diluted  concentrations.  (A) 
Quantitative  parameters  of  thrombin  generation:  the  timing  parameters  (CT,  PT,  MS) 
and  the  amount  parameters  (PH,  AUC).  The  thrombin  curve  was  generated  for  nor¬ 
mal  blood  plasma  composition.  (B)  Thrombin  curves  for  different  dilution  scenarios. 
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lation  factor  level  measurements  for  472  healthy  subjects 
from  the  LETS  control  group.  In  the  LETS  data  set,  we  used 
the  measurements  for  the  following  coagulation  proteins: 
Factor  (F)II,  FV  FVII,  FVIII,  F  IX,  and  FX,  as  well  as  the 
anticoagulants  antithrombin  (AT)  and  TF  pathway  inhibi¬ 
tor  (TFPI).  The  results  were  normalized  using  average 
absolute  concentration  values  as  described  by  Brummel- 
Ziedins  and  colleagues.4,35  The  normalization  yielded 
absolute  concentrations  for  the  coagulation  factors  in 
each  individual,  which  were  used  to  define  the  initial  con¬ 
ditions  in  the  computational  model  of  thrombin  genera¬ 
tion  (see  below).  The  concentration  of  FVIIa  in  the  model 
was  chosen  to  equal  1%  of  the  FVII  concentration.14,36 

Numeric  model  of  thrombin  generation  and 
computational  procedures 

Thrombin  generation  was  simulated  using  an  updated 
version29  of  the  computational  model  of  thrombin  genera¬ 
tion  developed  in  K.  Mann’s  laboratory.14  The  model  con¬ 
sists  of  a  system  of  nonlinear  ordinary  differential 
equations  describing  thrombin  generation  in  a  limited 
system  involving  the  key  reactions  known  to  generate 
thrombin  in  blood  plasma  containing  phospholipid  sur¬ 
faces  that  support  thrombin  generation.  The  inputs  of  the 
model  (i.e.,  the  initial  conditions  for  the  differential  equa¬ 
tions)  are  constituted  by  the  initial  concentrations  of  the 
coagulation  factors  FII,  FV  FVII,  FVIIa,  FVIII,  F  IX  and  FX, 
as  well  as  the  anticoagulants  TFPI  and  AT  and  the  throm¬ 
bin  generation  inducer  TF.  The  model  output  is  the  curve 
describing  temporal  changes  in  the  concentration  of 
active  thrombin  (Fig.  1;  active  thrombin,  henceforth 
referred  to  as  “thrombin,”  is  a  weighted  sum  of  thrombin 
and  meizothrombin  concentrations14,16).  Using  the  model, 
we  generated  such  curves  for  different  sets  of  initial  con¬ 
ditions  representing  different  subjects  and  different  dilu¬ 
tion  scenarios.  For  each  generated  thrombin  curve,  we 
calculated  the  five  thrombin  generation  parameters  as 
described  in  Mitrophanov  and  Reifman.16 

The  numeric  model  of  thrombin  generation  was 
implemented  in  the  SimBiology  toolbox  of  the  MATLAB 
software  suite  (MathWorks,  Natick,  MA)  as  described  in 
Mitrophanov  and  Reifman;16  all  computations  were  per¬ 
formed  in  MATLAB  2010b.  In  our  simulations,  we 
assumed  that  the  concentration  of  phospholipid  surfaces 
is  not  altered  by  dilution.  This  assumption  reflects  the 
experimental  protocols  used  to  study  dilution  in 
vitro.17,19,20  It  is  also  relevant  for  understanding  dilutional 
coagulopathy  in  vivo,  because  it  can  be  used  to  account 
for  the  process  of  compensatory  platelet  (PLT)  resupply 
known  to  occur  during  hemorrhage.37 

Thrombin  generation  simulations  were  run  with  the 
initial  coagulation  factor  concentrations  equal  to  the 
normal  (i.e.,  undiluted)  factor  levels  for  each  individual  in 
the  subject  group  and  also  for  the  case  when  the  clotting 


TABLE  1.  Unequal  dilution:  individual  dilution 
factors  for  the  biochemical  species  with  nonzero 
initial  concentrations  (except  TF,  which  was 
not  diluted)*27 


Biochemical  species 

Dilution  factor 

FII  (prothrombin) 

0.38 

FVII 

0.36 

FVIIa 

0.36 

FV 

0.29 

FVIII 

0.27 

FIX 

0.33 

FX 

0.31 

AT 

0.41 

TFPI 

0.30 

*  Concentrations  of  coagulation  proteins  diluted  according  to  the 

unequal  dilution  scenario  were  calculated  by  multiplying  their 
normal  (i.e.,  undiluted)  concentrations  by  the  corresponding 
dilution  factors.  These  reduced  concentrations  were  used  as 
initial  conditions  for  the  differential  equations  constituting  the 
computational  model.1429 


factor  levels  have  their  average  values  for  normal  human 
plasma  (the  average  subject).14  Further,  we  generated 
thrombin  curves  with  the  normal  factor  levels  decreased 
according  to  one  of  four  dilution  scenarios:  two-,  three-, 
and  fivefold  dilution,  as  well  as  unequal  dilution.  The 
x-fold  dilution  scenarios  were  equivalent  to  reducing  the 
initial  concentrations  of  all  the  coagulation  proteins  in  the 
model  by  x-fold.  The  unequal  dilution  scenario27  was 
based  on  the  experimental  data  for  an  in  vivo  porcine 
model  of  dilutional  coagulopathy,  in  which  the  degrees  of 
dilution  (dilution  factors)  were  different  for  different 
coagulation  factors.38  Dilution  factors  for  the  unequal 
dilution  scenario  are  shown  in  Table  1.  In  our  model,  [TF] 
(brackets  designate  concentration)  is  not  affected  by  dilu¬ 
tion.  Unless  otherwise  stated,  it  had  the  default  value  of 
5  pmol/L.6  Because  no  data  on  the  distribution  of  [TF] 
values  in  humans  were  available,  the  dependence  of 
thrombin  generation  on  [TF]  was  analyzed  by  performing 
computations  with  [TF]  taking  the  values  2,  5,  10,  15,  20, 
and  25  pmol/L.16  The  effects  of  dilution  on  the  thrombin 
generation  parameters  were  characterized  by  two  quanti¬ 
ties,  R- values,  and  fold  changes  (FCs).  The  R- value  for  a 
parameter  is  the  ratio  of  the  parameter  value  for  diluted 
blood  plasma  to  its  value  for  undiluted  blood  plasma. 
FC  =  R  if  R  >  1;  otherwise  FC  =  1/R. 

Statistical  analyses 

Differences  between  thrombin  curve  parameter  distribu¬ 
tions  were  tested  using  the  two-sided  Wilcoxon  sign-rank 
test.  The  degree  of  intersubject  variability  was  estimated 
via  coefficients  of  variation  (CVs)  for  thrombin  generation 
parameters  as  follows:  CV=  (standard  deviation  [SD])/ 
(mean  value).  The  propensity  of  dilutional  effects  at  the 
subject  level  was  characterized  by  estimating  their  prob¬ 
abilities,  that  is,  by  calculating  the  fractions  of  subjects  for 
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whom  the  effect  was  detected.  The  standard  error  (SE)  of 
the  probability  estimation  was  calculated  as 

SE  =  y]qQ-q)/N, 

where  q  is  the  probability  estimate  and  n  =  472  is  the 
subject  group  size.39  SE  =  0  when  q  equals  0  or  1,  and  in 
such  cases  the  SE  was  omitted. 

RESULTS 

Thrombin  curve  generation 

To  choose  a  standard  time  interval  for  thrombin  curve 
generation,  we  set  the  initial  TF  concentration  to  2  or 
5  pmol/L  and  calculated  thrombin  curves  for  coagulation 
factor  concentrations  at  their  average  values  for  normal 
blood  plasma,14  as  well  as  for  the  corresponding  diluted 
concentrations  for  all  considered  dilution  scenarios.  In 
each  of  those  cases,  thrombin  levels  were  sufficiently 
restored  to  zero  after  40  minutes  of  thrombin  generation. 
We  then  used  this  time  interval  to  generate  thrombin 
curves  for  the  472  subjects  in  the  study  group.  Each  of  the 
generated  curves  had  one  local  maximum  (i.e.,  the  throm¬ 
bin  peak),  similarly  to  the  curves  shown  in  Fig  1. 

Differential  effects  of  dilution  on  thrombin 
generation  in  the  average  subject 

We  found  that,  in  the  average  subject,  dilutional  effects  can 
be  characterized  by  general  patterns  that  hold  for  different 
dilution  scenarios.  Indeed,  for  different  dilution  types,  MS, 
PH,  and  AUC  decreased,  whereas  CT  and  PT  increased 
(Table  2;  the  only  exception  was  a  2.50%  decrease  in  CT  for 
the  twofold  dilution).  The  largest  FC  occurred  in  MS,  fol¬ 
lowed  (in  the  order  of  decreasing  FC)  by  PH,  CT,  PT,  and 
AUC  (Table  2).  This  pattern  can  be  written  as  follows: 
FC(MS)  >  FC(PH)  >  FC(CT)  >  FC(PT)  >  FC(AUC).  The  only 
exception  was  the  case  of  twofold  dilution,  in  which  the  FC 
in  the  AUC  (1.02-fold  decrease)  slightly  exceeded  the  FC  in 
PT  (1.01-fold  increase). 

Intersubject  variability  of  the  thrombin  generation 
parameters  in  the  study  group 

All  dilution  scenarios  caused  significant  changes  in  all  of 
the  five  thrombin  generation  parameters  (p  <  1.0  x  10-6  for 


each  thrombin  generation  parameter  tested  indepen¬ 
dently  in  the  case  of  twofold  dilution  and  p  <  1.0  x  10“76  for 
all  other  dilution  scenarios).  The  degree  of  variability  in 
the  thrombin  generation  parameters  was  substantial  and 
depended  on  both  the  thrombin  generation  parameter 
and  the  dilution  scenario  (Fig.  2;  Table  3) .  Table  3  shows 
the  means  and  SDs  of  the  thrombin  generation  param¬ 
eters,  which  were  used  to  compute  the  CVs.  As  expected, 
due  to  the  nonlinearity  of  the  equations  constituting  the 
computational  model,  the  subject-group  averages  for  the 
thrombin  parameters  (Table  3)  were  slightly  different 
from  the  corresponding  values  for  the  average  subject 
(Table  2). 

For  each  dilution  type  (including  undiluted  blood 
plasma),  the  thrombin  generation  parameters  listed  in 
the  order  of  decreasing  CV  were  as  follows:  MS  (CV, 
26.48%-29.28%),  AUC  (CV  19.67%-20.35%),  PH  (CV 
17.66%-21.40%),  CT  (CV  12.05%-16.64%),  and  PT 
(CV  8.77%- 10.20%).  The  only  exception  was  detected  for 
undiluted  blood  plasma:  the  CV  for  PH  (21.40%)  exceeded 
that  for  AUC  (20.21%)  by  a  small  margin.  For  all  thrombin 
generation  parameters  except  AUC,  the  CVs  slightly 
decreased  with  dilution.  For  the  AUC,  the  largest  CV 
(20.35%)  was  detected  for  twofold  dilution,  and  the  three 
largest  CVs  (for  two-  and  threefold  dilutions  and  for  undi¬ 
luted  blood  plasma)  differed  by  less  than  0.7%.  These 
results  indicate  that  intersubject  variability  causes  signifi¬ 
cant  deviations  of  the  thrombin  generation  parameters 
from  their  mean  values  for  all  dilution  types.  It  can  thus  be 
expected  that  some  of  the  thrombin  generation  patterns 
identified  for  the  average  subject  may  not  hold  for  all  sub¬ 
jects  in  the  study  group. 


Subject-level  characterization  of  dilutional  effects 
in  the  study  group 

Threefold  dilution  caused  a  decrease  in  CT  for  3.18%  (SE, 
0.81%)  of  the  subjects  (Fig.  3B);  for  unequal  dilution,  CT 
decreased  in  4.24%  (SE,  0.93%)  of  the  subjects  (Fig.  3D). 
This  is  in  contrast  to  the  behavior  of  CT  for  the  average 
subject,  which  increased  with  dilution  (Table  2).  Consid¬ 
erable  heterogeneity  was  detected  for  CT  and  PT  in  the 
case  of  twofold  dilution,  where  CT  increased  in  40.04%  (SE 
2.26%)  of  the  subjects  and  PT  increased  in  60.38%  (SE 
2.25%)  of  the  subjects  (Fig.  3A).  Yet,  for  all  other  thrombin 
parameter/ dilution  scenario  combinations,  the  direction 


TABLE  2.  Thrombin  generation  parameter  values  for  the  average  subject  (the  subject  whose  undiluted  clotting 
factor  levels  were  equal  to  the  corresponding  average  values  for  human  plasma14) 

Dilution  scenario 

CT  (min) 

PT  (min) 

MS  (nmol/L/min) 

PH  (nmol/L) 

AUC  (nmol/L  x  min) 

Undiluted  blood 

3.28 

7.80 

124.48 

324.75 

1306.55 

Twofold  dilution 

3.20 

7.87 

89.44 

246.15 

1284.41 

Threefold  dilution 

3.89 

8.92 

60.41 

191.69 

1276.60 

Fivefold  dilution 

5.51 

11.43 

31.4  7 

130.86 

1264.67 

Unequal  dilution 

3.87 

9.03 

56.70 

186.29 

1163.79 
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subject  FC(PT)  <FC(CT).  For  threefold 
dilution,  the  same  effect  was  detected 
for  23.52%  (SE,  1.95%)  of  the  subjects 
and  for  unequal  dilution  it  was  detected 
for  33.69%  (SE,  2.18%)  of  the  subjects. 
Thus,  the  probability  of  deviating  from  a 
pattern  detected  for  the  average  subject 
can  strongly  depend  on  the  pattern  in 
question.  At  the  same  time,  such  prob¬ 
abilities  also  depend  on  the  dilution 
scenario.  Indeed,  the  pattern  FC(MS)  > 
FC(PH)  >  FC(CT)  >  FC(PT)  >  FC(AUC) 
was  detected  in  41.31%  (SE,  2.27%), 
75.42%  (SE,  1.98%),  and  99.79%  (SE, 
0.21%)  of  the  subjects  for  two-,  three-, 
and  fivefold  dilution,  respectively,  and 
in  55.30%  (SE,  2.29%)  of  the  subjects  for 
unequal  dilution. 

The  pattern  FC(MS)  >  FC(PH)  > 
FC(X),  where  X  represents  CT,  PT,  or 
AUC  held  for  97.46%  (SE,  0.72%)  of  the 
subjects  in  the  case  of  twofold  dilution 
and  for  all  subjects  for  other  dilution 
scenarios.  AUC  was  the  parameter  with 
the  smallest  dilution-induced  FC  in 


—  Undiluted  blood 
-2-fold  dilution 
-3-fold  dilution 
-5-fold  dilution 
- Unequal  dilution 


Fig.  2.  Thrombin  generation  parameter  distributions  in  the  study  group  for  different 
blood  dilution  scenarios.  Plots  were  generated  using  the  MATLAB  function  HIST 
with  20  bins. 


of  dilution-induced  change  for  all  or  almost  all  (>99.58% 
[SE  <  0.30%])  subjects  coincided  with  those  for  the 
average  subject  (Fig.  3). 

Due  to  considerable  intersubject  variability  (Figs.  2 
and  3  and  Table  3),  the  magnitude  of  change  for  different 
thrombin  generation  parameters  deviated  from  what 
could  be  expected  based  on  the  average  subject  analysis. 
In  certain  cases,  the  probability  of  deviations  from  the 
average  subject  behavior  was  comparatively  small:  for 
example,  for  twofold  dilution,  FC(PH)  >  FC(MS)  in  2.33% 
(SE  0.69%)  of  the  subjects,  whereas  for  the  average  subject 
FC(PH)  <  FC(MS)  (Table  2).  However,  in  other  cases  such 
deviations  were  detected  in  a  large  fraction  of  the  subject 
group.  Indeed,  for  twofold  dilution,  FC(PT)  >  FC(CT)  in 
23.94%  (SE  1.96%)  of  the  subjects,  although  for  the  average 


55.72%  (SE,  2.29%),  94.07%  (SE,  1.09%), 
and  100%  of  the  subjects  for  two-, 
three-,  and  fivefold  dilution,  respec¬ 
tively,  and  in  65.47%  (SE,  2.19%)  of  the 
subjects  for  unequal  dilution.  In  all  sub¬ 
jects,  the  parameter  with  the  smallest 
FC  was  either  AUC,  CT,  or  PT. 

Dilution-induced  abnormal  states 
in  the  study  group 

According  to  an  operational  definition 
of  traumatic  coagulopathy,  a  trauma 
patient  is  considered  coagulopathic  if 
his  or  her  prothrombin  time  is  more 
than  1.5-fold  larger  than  the  typical  normal  value  for  this 
parameter.37,40,41  For  this  threshold,  we  determined  the 
fractions  of  subjects  for  which  the  FC  in  a  thrombin  gen¬ 
eration  parameter  takes  on  above-threshold  (i.e.,  abnor¬ 
mal)  values.  These  fractions  were  the  highest  for  MS  and 
PH.  Indeed,  for  threefold,  fivefold,  and  unequal  dilutions, 
the  fractions  of  subjects  with  abnormal  PH  were  98.73  (SE, 
0.52),  100,  and  100%,  respectively,  and  all  of  the  subjects 
had  abnormal  MS  values.  For  fivefold  dilution,  84.96%  (SE, 
1.65%)  of  the  subjects  had  abnormal  CT  and  37.71%  (SE, 
2.23%)  of  the  subjects  had  abnormal  PT.  For  other  dilution 
scenarios,  PT  was  within  the  normal  range  for  all  subjects. 
CT  was  abnormal  in  2.33  (SE,  0.69)  and  2.12%  (SE,  0.66%) 
of  the  subjects  for  threefold  and  unequal  dilution,  respec¬ 
tively.  For  twofold  dilution,  14.41%  (SE  1.62%)  of  the  sub- 
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TABLE  3.  Thrombin  generation  parameters  in  the  LETS  control  group* 


Dilution  scenario 

CT  (min) 

PT  (min) 

MS  (nmol/L/min) 

PH  (nmol/L) 

AUC  (nmol/L  x  min) 

Undiluted  blood 
Twofold  dilution 
Threefold  dilution 
Fivefold  dilution 
Unequal  dilution 

3.37  (0.56) 

3.30  (0.43) 

4.00  (0.48) 

5.67  (0.68) 

3.98  (0.49) 

7.96  (0.81) 

8.04  (0.71) 

9.11  (0.80) 

11.68  (1.07) 

9.23  (0.81) 

124.92  (36.58) 

88.97  (24.55) 

59.96  (16.27) 

31 .25  (8.27) 

56.35  (15.91) 

324.74  (69.51) 
244.87  (47.18) 
190.45  (35.11) 
130.04  (22.96) 
185.17  (35.90) 

1332.86  (269.42) 
1310.60  (266.70) 
1302.36  (264.90) 
1286.53  (255.15) 
1185.29  (233.12) 

*  The  values  of  thrombin  generation  parameters  were  computed  for  each  subject  individually  and  then  were  used  to  calculate  population¬ 
wide  characteristics,  such  as  population  means.  Data  are  expressed  as  mean  (SD). 


Robustness  of  blood  dilution 
effects  under  TF  level  variations 

TF  concentration  in  vivo  might  vary 
depending  on  the  subject,  blood  vessel, 
and  trauma  type.42  Thus,  we  wished  to 
investigate  the  robustness  of  the  results 
obtained  for  the  default  TF  concen¬ 
tration  value  (i.e.,  [TF]  =  5  pmol/L)  to 
changes  in  [TF].  In  the  average  sub¬ 
ject,  the  pattern  FC(MS)  >  FC(PH)  > 
FC(CT)  >  FC(PT)  >  FC(AUC)  was  found 
to  hold  for  other  TF  concentration 


c 

328 


D 


values,  with  some  exceptions  occurring 
only  at  [TF]  =  2  pmol/L  and  [TF]  = 
5  pmol/L  (Fig.  4),  suggesting  that  the 
occurrence  of  a  pattern  can  depend 
on  TF  concentration.  Yet,  the  pattern 
FC(MS)  >  FC(PH)  >  FC(X),  where  X  is 
CT,  PT,  or  AUC,  was  found  to  hold  for  the 
average  subject  under  all  considered 
conditions  (Fig.  4).  This  finding  demon¬ 
strates  that  some  patterns  can  be  persis¬ 
tent  enough  to  hold  over  a  wide  range  of 
TF  concentrations. 

For  all  considered  TF  concentration 


Fig.  3.  R-value  distributions  for  the  five  thrombin  generation  parameters  and  the 
four  dilution  scenarios  calculated  for  the  study  group.  For  each  thrombin  generation 
parameter  and  each  subject,  R  =  (parameter  value  in  diluted  blood  plasma)/ 
(parameter  value  in  undiluted  blood  plasma).  Plots  were  generated  using  the 
MATLAB  function  HIST  with  150  bins.  (A)  Twofold  dilution;  (B)  threefold  dilution;  (C) 
fivefold  dilution;  (D)  unequal  dilution.  The  numbers  above  double-dash  signs  indi¬ 
cate  the  heights  of  the  AUC  distribution  peaks. 


values  and  all  dilution  scenarios,  dilu¬ 
tion  caused  significant  changes  in 
all  thrombin  generation  parameters 
(p  <  1.0  x  10  7  for  each  thrombin  genera¬ 
tion  parameter  tested  independently  in 
the  case  [TF]  =  2  pmol/L  and  p  <  1.0  x 
10“77  for  [TF]  >  5  pmol/L).  The  pattern 
FC(MS)  >  FC(PH)  >  FC(X),  where XisCT, 


jects  had  abnormal  MS  values,  and  the  values  for  the  other 
parameters  were  within  the  normal  range  for  all  subjects. 
For  all  dilution  scenarios,  none  of  the  subjects  had  abnor¬ 
mal  AUC  values.  Based  on  these  results,  we  conclude  that, 
for  twofold  dilution,  the  vast  majority  of  the  subjects 
retained  normal  thrombin  generation  parameters.  For 
other  dilution  scenarios,  thrombin  generation  was  abnor¬ 
mal  in  all  subjects,  which  could  be  attributed  to  the  abnor¬ 
mal  values  in  MS  and  PH. 


PT,  or  AUC,  held  for  the  majority  of  the 
study  group  for  all  dilution  scenarios  and 
all  considered  TF  concentration  values  (Table  4).  The  fre¬ 
quency  of  occurrence  of  the  pattern  did  depend  on  TF 
concentration,  but  for  the  majority  of  dilution  scenario /TF 
concentration  combinations,  the  pattern  occurred  in  more 
than  95%  (SE,  <1%)  of  the  subjects.  This  finding  suggests 
that  MS  was  indeed  the  most  sensitive,  and  PH  was  the 
second  most  sensitive,  thrombin  generation  parameter  for 
most  subjects  under  a  wide  variety  of  conditions.  Notably, 
MS  and  PH  demonstrated  a  coherent  response  to  dilution: 
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Fig.  4.  FC  in  the  thrombin  generation  parameters  in  the  average  subject  as  a  func¬ 
tion  of  TF  concentration.  The  markers  designate  the  computed  values  for  different 
TF  concentrations.  (A)  Twofold  dilution;  (B)  threefold  dilution;  (C)  fivefold  dilution; 
(D)  unequal  dilution. 


they  were  decreased  by  dilution  in  all  of  the  subjects  and 
for  all  considered  TF  concentrations.  In  contrast,  CT 
and  PT  were  predominantly  increased  by  dilution  when 
[TF]  >  2  pmol/L  and  the  degree  of  dilution  was  greater 
than  twofold,  whereas  for  [TF]  =  2  pmol/L  and  twofold 
dilution  both  of  these  parameters  decreased  in  more  than 
94%  (SE,  <1.01%)  of  the  subjects.  AUC  decreased  upon 
dilution  in  every  subject.  The  pattern  FC(AUC)  <FC(X), 
where  X  represents  any  other  thrombin  generation  para¬ 
meter,  was  detected  in  more  than  90%  (SE,  <1.40%)  of  the 
subjects  for  all  dilution  scenarios  and  all  considered  TF 
concentration  values,  with  some  exceptions  found  only  for 
[TF]  =  2  pmol/L  and  [TF]  =  5  pmol/L  (Table  4). 

Model  assessment 

Full  quantitative  validation  of  our  modeling  predictions 
would  require  the  determination  of  thrombin  generation 
curves  for  all  the  472  subjects  in  our  study  group.  However, 
such  measurements  (as  well  as  measurements  of  throm¬ 
bin  generation  curves  for  another  subject  group  of  com¬ 


parable  size)  are  not  available.  Yet,  an 
assessment  of  our  modeling  approach 
can  still  be  carried  out  by  comparing  our 
predictions  with  the  published  experi¬ 
mental  results  characterizing  the  effects 
of  dilution  on  thrombin  generation 
parameters. 

Comparisons  with  the  available 
experimental  data  suggested  that  the 
computationally  predicted  effects  were 
in  line  with  in  vitro  and  in  vivo  data 
obtained  in  blood  (plasma)  dilution 
experiments,  thereby  supporting  the 
validity  of  our  modeling  strategy. 
Indeed,  in  agreement  with  our  predic¬ 
tions  for  threefold  and  fivefold  propor¬ 
tional  dilution  and  in  vivo-type  unequal 
dilution  (Figs.  2  and  3,  Tables  2  and  3), 
dilution  has  been  reported  to  increase 
prothrombin  time,  which  approxi¬ 
mately  corresponds  to  the  CT  that  can 
be  estimated  from  thrombin  generation 
kinetics.43'46  The  predicted  ability  of 
dilution  to  significantly  decrease  PH 
(Figs.  2  and  3,  Tables  2  and  3)  was  con¬ 
firmed  by  recent  in  vitro  experiments 
with  human  and  animal  blood,  when 
dilution  was  performed  in  vitro  and 
in  vivo.19’20,44’46'48  In  agreement  with  our 
predictions  (Table  4),  in  vitro  experi¬ 
ments  showed  that  PH  was  affected  by 
dilution  noticeably  more  than  pt1720’40 
or  CT.4748  As  predicted  (Figs.  3  and  4, 
Tables  2-4),  the  impact  of  dilution  on 
AUC  was  reported  to  be  noticeably  smaller  than  its  impact 
on  PH.19-47 

Further  experimental  evidence  supporting  our  mod¬ 
eling  approach  was  obtained  from  a  porcine  model  of 
dilutional  coagulopathy  induced  in  vivo.49  In  that  work, 
blood  dilution  induced  an  approximately  1.3-fold  increase 
in  the  median  prothrombin  time,  an  approximately  1.9- 
fold  decrease  in  the  median  PH,  and  no  significant  change 
in  the  median  AUC.  Our  computations  for  the  unequal 
blood  plasma  dilution  model  predicted  the  follow¬ 
ing  changes:  an  approximately  1.2-fold  increase  in 
the  median  CT,  an  approximately  1.7- fold  decrease  in  the 
median  PH,  and  an  approximately  1.1 -fold  decrease  in  the 
median  AUC.  In  a  study  by  Brummel-Ziedins  and  col¬ 
leagues,50  the  effects  of  dilution  on  TF-induced  thrombin 
generation  in  whole  blood  were  studied  by  measuring  the 
level  of  thrombin-antithrombin  (TAT)  complex  at  20 
minutes  after  clotting  initiation.  While  the  TAT  kinetics  are 
not  described  by  the  standard  thrombin  generation  curves 
(Fig.  1)  analyzed  in  our  study,  it  can  be  expected  that  the 
accumulation  rate  and  amount  of  TAT  would  be  correlated 
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with  our  parameters  MS  and  PH,  respectively.  Thus,  based 
on  our  results  (Fig.  3),  it  can  be  predicted  that  both  accu¬ 
mulation  rate  and  amount  of  TAT  would  be  decreased  by 
dilution  and  that  the  decrease  would  be  larger  for  higher 
degree  of  dilution.  These  predictions  agree  with  the 
reported  experimental  results.50 

DISCUSSION 

Modern  transfusion  approaches  to  massive  hemorrhage 
involve  almost  exclusive  use  of  blood  component  and 
crystalloid  therapy,  which  may  lead  to  severe  dilutional 
coagulopathy  during  transfusion.51  However,  because 
dilution  impacts  both  pro-  and  anticoagulant  compo¬ 
nents  of  the  blood  coagulation  system,  the  net  outcome  of 
thrombin  generation  will  depend  on  the  balance  between 
these  two  opposite  effects.1  Here  we  performed  a  compre¬ 
hensive  computational  analysis  of  dilution-induced 
effects  on  thrombin  generation.  Our  analysis  has  shown 
that,  while  there  is  substantial  intersubject  variability  in 
the  quantitative  parameters  of  thrombin  generation,  the 
effects  of  dilution  can  be  characterized  by  robust  patterns, 
which  hold  in  the  vast  majority  of  the  subjects  for  different 
dilution  scenarios  and  different  TF  concentrations.  Spe¬ 
cifically,  robust  patterns  can  be  initially  identified  in 
thrombin  generation  analyses  for  the  average  subject,  that 
is,  the  subject  with  average  levels  of  coagulation  factors 
(Fig.  IB,  Fig.  4,  Table  2). 

In  our  computations,  dilution  always  decreased  MS, 
PH,  and  AUC  (Fig.  3  and  Table  3).  CT  and  PT  were  often 
increased  by  dilution,  but  also  could  sometimes  be  short¬ 
ened  (i.e.,  shifted  toward  a  higher  hemostatic  potential)  in 
some  of  the  subjects  (Fig.  3).  Yet,  because  such  situations 
were  rather  rare  (for  higher  degrees  of  dilution),  and 
because  the  magnitude  of  FC  in  MS  and  PH  was  typically 
larger  than  those  in  CT  and  PT  (Figs.  3  and  4,  Table  4),  our 
results  are  consistent  with  the  notion  that  dilution  gener¬ 
ally  tends  to  decrease  the  hemostatic  potential  of  blood 
plasma.  Notably,  our  results  indicate  that  dilution  induces 
a  prohemorrhagic  coagulation  state  by  impacting  both  the 
initiation  and  the  propagation  phases  of  thrombin  gen¬ 
eration.  Of  the  five  thrombin  generation  parameters,  MS 
was  affected  by  dilution  the  most,  and  PT  was  the  second 
most  sensitive  parameter  (Figs.  3  and  4,  Tables  2-4).  AUC 
was  the  parameter  that  was  often  the  least  affected  (virtu¬ 
ally  unaffected)  by  dilution  (Figs.  3  and  4,  Tables  2-4). 
These  patterns  demonstrated  persistence  under  varia¬ 
tions  in  TF  concentration. 

Dilution  impacts  the  delicate  balance  of  multicompo¬ 
nent,  nonlinear  feedback  interactions  in  the  blood  coagu¬ 
lation  system.33,52  Therefore,  the  relative  sensitivities  of  the 
thrombin  generation  parameters  to  dilution  are  shaped  by 
complex,  quantitative  mechanistic  factors.  Yet,  it  is  pos¬ 
sible  to  suggest  an  explanation  for  some  of  our  results. 
Indeed,  the  considerable  sensitivity  of  PH  to  dilution 
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could  perhaps  be  anticipated  because  dilution  decreases 
the  concentration  of  thrombin’s  precursor,  prothrombin, 
thereby  decreasing  the  maximum  amount  of  thrombin 
that  can  be  generated  in  the  system.  Furthermore, 
because  the  rate  of  biochemical  reactions  is  determined 
by  the  reactant  concentrations,  a  decrease  in  prothrombin 
concentration  leads  to  a  decreased  rate  of  prothrombin 
conversion  into  thrombin.  This  gives  AT  more  time  to 
inhibit  thrombin,  thus  contributing  to  a  lower  PH.  The 
AUC  is  known  to  be  generally  rather  insensitive  to  varia¬ 
tions  in  the  concentrations  of  the  main  coagulation 
proteins,  with  the  exception  of  prothrombin  and  AT, 
which  have  opposite  effects  on  AUC.53  Because  dilution 
decreases  the  concentrations  of  both  prothrombin  and  AT, 
their  opposite  effects  on  AUC  could  be  expected  to  some¬ 
what  cancel  each  other  out,  resulting  in  a  relatively 
unchanged  AUC.  From  our  analyses  of  thrombin  genera¬ 
tion  curves  (Fig.  1),  we  note  that  the  “simplest”  way  to 
decrease  PH  without  significantly  changing  AUC  (and  the 
shape  of  the  thrombin  curve)  is  to  decrease  MS,  which 
could  thus  also  be  expected  to  be  sensitive  to  dilution. 
Without  a  clear  picture  of  the  dependence  of  CT  and  PT 
on  dilution,  their  sensitivities  could  (naively)  be  placed 
somewhere  between  those  of  MS/PH  and  that  of  AUC. 
This  simple  argument  can  be  used  to  interpret  some  of  our 
results.  Yet,  because  of  the  nonlinear  feedback  effects  of 
the  plasma  (and  blood)  coagulation  components,  it  is 
clearly  insufficient  to  predict  the  computationally  derived 
patterns,  such  as  FC(MS)  >  FC(PH)  >  FC(X)  (where Xis  CT, 
PT,  or  AUC)  or  that  AUC  is  not  always  the  least  sensitive 
thrombin  generation  parameter  (Table  4). 

Our  computational  results  are  supported  by  published 
experimental  evidence  (see  “Model  assessment”).  Yet, 
some  of  the  reported  experimental  results  can  be  in  disac¬ 
cord  with  findings  from  other  laboratories,  as  well  as  with 
our  computations.  For  example,  in  contrast  to  our  findings, 
two  published  works  reported  a  considerable  increase  in 
AUC  for  moderate  in  vitro  human  blood  plasma  dilu¬ 
tions.17,21  Moreover,  these  works  reported  a  dilution- 
induced  increase  in  PH,  which  is  in  contradiction  with  a 
number  of  experimental  studies  and  our  own  computa¬ 
tional  predictions.  Such  disparities  in  experimental 
findings  are  reminiscent  of  the  considerable  disparities 
between  in  vitro  data  sets  characterizing  the  effects  of 
recombinant  FVIIa,  which  have  been  attributed  to  the  dif¬ 
ferences  in  experimental  protocols  used  by  different  labo¬ 
ratories.16  The  recently  suggested  standardization  could  be 
an  efficient  way  to  avoid  such  issues  for  thrombin  genera¬ 
tion  assays,22,54  and  similar  measures  will  likely  be  useful  for 
other  types  of  hematology  experiments.  We  believe  that,  by 
using  a  validated  computational  model  of  thrombin  gen¬ 
eration,  we  have  avoided  some  of  the  biases  that  can  plague 
thrombin  generation  assays.  Moreover,  we  elucidated  the 
dilutional  effects  that  are  compatible  with  the  current 
mechanistic  view  of  thrombin  generation  biochemistry.11 


Our  study  was  motivated  by  the  need  for  improved 
strategies  to  diagnose  and  control  dilutional  coagulopathy 
during  massive  transfusion  in  surgical  and  trauma 
patients.  In  a  clinical  setting,  coagulopathy  is  typically 
detected  by  performing  standard  in  vitro  hematologic 
tests,  such  as  measuring  prothrombin  time  and  thrombo¬ 
plastin  time,  whose  sensitivity  may  be  insufficient  for 
early  coagulopathy  detection.40,55  Experimental  assays 
that  measure  the  thrombin  generation  curve  may  be 
attractive  alternatives  to  the  traditional  coagulation 
tests.9,54,56  The  results  of  our  work  suggest  that  MS  and  PH 
are  the  most  sensitive  thrombin  generation  parameters 
for  the  detection  of  dilutional  coagulopathy.  Based  on  our 
findings,  we  propose  that  these  two  parameters  might 
prove  effective  as  primary  predictors  of  dilutional  coagu¬ 
lopathy  in  massive  transfusion  and  fluid  resuscitation. 
Furthermore,  our  findings  indicate  that  dilutional  coagu¬ 
lopathy  could  be  effectively  treated  by  therapeutics  that 
increase  MS  and  PH  in  human  blood  plasma,  while  affect¬ 
ing  the  other  thrombin  parameters  to  a  lesser  extent. 

The  limitations  of  our  study  were  defined  by  data 
availability,  as  well  as  by  our  reductionist  approach  to 
coagulation  analysis  for  blood  plasma.  First,  our  model¬ 
ing  strategy  assumes  that  the  rate  constants  that  govern 
the  biochemical  reactions  in  the  thrombin  generation 
network  are  the  same  for  all  subjects.  As  there  are  cur¬ 
rently  no  data  that  could  allow  us  to  estimate  the  mag¬ 
nitude  of  rate  constant  variations,  we  chose  to  analyze 
how  one  of  the  sources  of  natural  variability — the  vari¬ 
ability  in  clotting  factor  concentrations — affects  throm¬ 
bin  generation  in  human  populations.  Second,  the 
computational  model  used  in  this  study  does  not  take 
into  account  the  action  of  PLTs  and  the  generation- 
degradation  of  fibrin.14,29  Our  choice  to  use  this  model 
was  aimed  to  attempt  a  realistic  yet  tractable  modeling  of 
a  system  with  a  relatively  high  concentration  of  active 
phospholipid  surfaces,  such  as  activated  PLTs  in  a  PLT 
plug.16  Furthermore,  this  choice  was  based  on  the  under¬ 
standing  that,  while  the  action  of  PLTs  is  of  critical 
importance  for  blood  coagulation  in  vivo,10  in  biochemi¬ 
cal  assays  PLT  activity  may  be  difficult  to  normalize  and 
quantitate,  which  can  be  one  of  the  reasons  to  use  phos¬ 
pholipids  in  thrombin  generation  assays.9,57  Our  focus  on 
thrombin,  rather  than  on  fibrinogen  and  fibrin,  is  a 
reflection  of  the  functional  significance  of  thrombin, 
which  is  the  defining  factor  in  the  conversion  of  fibrino¬ 
gen  into  fibrin  and  plays  a  number  of  other  critical  roles 
in  the  blood  coagulation  network.8,9  Finally,  our 
approach  to  modeling  dilution  did  not  take  into  account 
the  specific  type  of  liquid  that  dilutes  the  blood.  While  it 
is  known  that  the  type  of  resuscitation  fluid  can  poten¬ 
tially  influence  thrombin  generation  kinetics  and  clot 
formation,50,58  we  focused  on  the  dilutional  effects  that 
can  be  attributed  to  dilution  itself  and  thus  may  be  con¬ 
sidered  common  to  all  diluents. 
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Coagulopathy  in  vivo  is  often  multifactorial,  with 
dilution  and  consumption  being  exacerbated  by  hypoth¬ 
ermia  and  acidosis.3,41  Yet,  both  hypothermia  and  acidosis 
impact  the  clotting  system  by  decreasing  the  biochemical 
activity  of  its  molecular  components.2,59  It  may  be 
expected  that  decreasing  the  activity  of  coagulation 
factors  and  reducing  the  concentrations  of  fully  active 
coagulation  factors  could  produce  similar  effects  on  blood 
clotting.60  It  is  thus  conceivable  that  the  suggested 
markers  of  dilutional  coagulopathy  can  also  be  used  to 
diagnose  other  types  of  trauma-induced  coagulopathic 
conditions. 

ACKNOWLEDGMENTS 

The  authors  are  grateful  to  Dr  Steven  Shafer  and  two  anony¬ 
mous  reviewers  for  valuable  comments  on  earlier  versions  of  the 
manuscript. 

CONFLICT  OF  INTEREST 

The  authors  have  declared  that  no  competing  interests  exist. 

REFERENCES 

1.  Bolliger  D,  Gorlinger  K,  Tanaka  KA.  Pathophysiology  and 
treatment  of  coagulopathy  in  massive  hemorrhage  and 
hemodilution.  Anesthesiology  2010;113:1205-19. 

2.  Hess  IR,  Brohi  K,  Dutton  RP,  Hauser  CJ,  Holcomb  IB, 

Kluger  Y,  Mackway-Jones  K,  Parr  MJ,  Rizoli  SB,  Yukioka  T, 
Hoyt  DB,  Bouillon  B.  The  coagulopathy  of  trauma:  a  review 
of  mechanisms.  J  Trauma  2008;65:748-54. 

3.  Rossaint  R,  Cerny  V,  Coats  TJ,  Duranteau  J,  Fernandez  - 
Mondejar  E,  Gordini  G,  Stahel  PF,  Hunt  BJ,  Neugebauer  E, 
Spahn  DR.  Key  issues  in  advanced  bleeding  care  in  trauma. 
Shock  2006;26:322-31. 

4.  Brummel-Ziedins  K,  Vossen  CY,  Rosendaal  FR,  Umezaki  K, 
Mann  KG.  The  plasma  hemostatic  proteome:  thrombin 
generation  in  healthy  individuals.  I  Thromb  Haemost  2005; 
3:1472-81. 

5.  Vanschoonbeek  K,  Feijge  MA,  Van  Kampen  RJ,  Kenis  H, 
Hemker  HC,  Giesen  PL,  Heemskerk  1W.  Initiating  and 
potentiating  role  of  platelets  in  tissue  factor-induced 
thrombin  generation  in  the  presence  of  plasma:  subject- 
dependent  variation  in  thrombogram  characteristics. 

J  Thromb  Haemost  2004;2:476-84. 

6.  Brummel-Ziedins  KE,  Orfeo  T,  Rosendaal  FR,  Undas  A, 
Rivard  GE,  Butenas  S,  Mann  KG.  Empirical  and  theoretical 
phenotypic  discrimination.  J  Thromb  Haemost  2009; 

7 (Suppl  l):181-6. 

7.  Mann  KG,  Brummel-Ziedins  K,  Undas  A,  Butenas  S. 

Does  the  genotype  predict  the  phenotype?  Evaluations  of 
the  hemostatic  proteome.  I  Thromb  Haemost  2004;2:1727- 
34. 


8.  Crawley  IT,  Zanardelli  S,  Chion  CK,  Lane  DA.  The  central 
role  of  thrombin  in  hemostasis.  J  Thromb  Haemost  2007; 

5  (Suppl  1):95-101. 

9.  Hemker  HC,  A1  Dieri  R,  De  Smedt  E,  Beguin  S.  Thrombin 
generation,  a  function  test  of  the  haemostatic-thrombotic 
system.  Thromb  Haemost  2006;96:553-61. 

10.  Hoffman  M,  Monroe  DM.  Coagulation  2006:  a  modern 
view  of  hemostasis.  Hematol  Oncol  Clin  North  Am  2007;21 
1-11. 

1 1 .  Mann  KG,  Butenas  S,  Brummel  K.  The  dynamics  of  throm¬ 
bin  formation.  Arterioscler  Thromb  Vase  Biol  2003;23:17- 
25. 

12.  Mann  KG,  Orfeo  T,  Butenas  S,  Undas  A,  Brummel-Ziedins 
K.  Blood  coagulation  dynamics  in  haemostasis.  Hamo- 
staseologie  2009;29:7-16. 

13.  Monroe  DM,  Key  NS.  The  tissue  factor-factor  Vila 
complex:  procoagulant  activity,  regulation,  and  multitask¬ 
ing.  I  Thromb  Haemost  2007;5:1097-105. 

14.  Hockin  MF,  Jones  KI,  Everse  SI,  Mann  KG.  A  model  for  the 
stoichiometric  regulation  of  blood  coagulation.  J  Biol 
Chem  2002;277:18322-33. 

15.  Orfeo  T,  Butenas  S,  Brummel-Ziedins  KE,  Mann  KG.  The 
tissue  factor  requirement  in  blood  coagulation.  J  Biol 
Chem  2005;280:42887-96. 

16.  Mitrophanov  AY,  Reifman  J.  Kinetic  modeling  sheds 
light  on  the  mode  of  action  of  recombinant  factor 
Vila  on  thrombin  generation.  Thromb  Res  2011;  128: 
381-90. 

17.  De  Smedt  E,  Wagenvoord  R,  Hemker  HC.  The  technique 
of  measuring  thrombin  generation  with  fluorogenic 
substrates:  3.  The  effects  of  sample  dilution.  Thromb 
Haemost  2009;101:165-70. 

18.  Fenger-Eriksen  C,  Ingerslev  J,  Tonnesen  E,  Sorensen  B. 
Citrate  artificially  masks  the  haemostatic  effect  of  recombi¬ 
nant  factor  Vila  in  dilutional  coagulopathy.  Ann  Hematol 
2009;88:255-60. 

19.  Schols  SE,  Feijge  MA,  Lance  MD,  Hamulyak  K,  ten  Cate  H, 
Heemskerk  JW,  van  Pampus  EC.  Effects  of  plasma  dilution 
on  tissue-factor-induced  thrombin  generation  and 
thromboelastography:  partly  compensating  role  of  plate¬ 
lets.  Transfusion  2008;48:2384-94. 

20.  Schols  SE,  Lance  MD,  Feijge  MA,  Damoiseaux  J, 

Marcus  MA,  Hamulyak  K,  Ten  Cate  H,  Heemskerk  JW, 
van  Pampus  EC.  Impaired  thrombin  generation  and 
fibrin  clot  formation  in  patients  with  dilutional 
coagulopathy  during  major  surgery.  Thromb  Haemost 
2010;103:318-28. 

21.  Dunbar  NM,  Chandler  WL.  Thrombin  generation  in 
trauma  patients.  Transfusion  2009;49:2652-60. 

22.  Dargaud  Y,  Luddington  R,  Gray  E,  Negrier  C,  Lecompte  T, 
Petros  S,  Hogwood  J,  Bordet  JC,  Regnault  V,  Siegemund  A, 
Baglin  T.  Effect  of  standardization  and  normalization  on 
imprecision  of  calibrated  automated  thrombography:  an 
international  multicentre  study.  Br  J  Haematol  2007;  139: 
303-9. 


2484  TRANSFUSION  Volume  52,  November  2012 


INTERSUBJECT  VARIABILITY  IN  DILUTIONAL  COAGULOPATHY 


23.  Wolberg  AS.  Thrombin  generation  assays:  understanding 
how  the  method  influences  the  results.  Thro  mb  Res  2007; 
119:663-5. 

24.  van  der  Meer  FJ,  Koster  T,  Vandenbroucke  JP,  Briet  E, 
Rosendaal  FR.  The  Leiden  thrombophilia  study  (LETS). 
Thromb  Haemost  1997;78:631-5. 

25.  Brummel-Ziedins  KE,  Gissel  M,  Francis  C,  Queenan  J, 

Mann  KG.  The  effect  of  high  circulating  estradiol  levels  on 
thrombin  generation  during  in  vitro  fertilization.  Thromb 
Res  2009;124:505-7. 

26.  Gissel  M,  Undas  A,  Slowik  A,  Mann  KG,  Brummel-Ziedins 
KE.  Plasma  factor  and  inhibitor  composition  contributes  to 
thrombin  generation  dynamics  in  patients  with  acute  or 
previous  cerebrovascular  events.  Thromb  Res  20 10;  126: 
262-9. 

27.  Mitrophanov  AY,  Rosendaal  FR,  Reifman  J.  Therapeutic 
correction  of  thrombin  generation  in  dilutional 
coagulopathy:  computational  analysis  based  on  a  dataset 
of  healthy  subjects.  1  Trauma  2012;  (in  press). 

28.  Undas  A,  Gissel  M,  Kwasny-Krochin  B,  Gluszko  P,  Mann 
KG,  Brummel-Ziedins  KE.  Thrombin  generation  in  rheu¬ 
matoid  arthritis:  dependence  on  plasma  factor  composi¬ 
tion.  Thromb  Haemost  2010;104:224-30. 

29.  Danforth  CM,  Orfeo  T,  Mann  KG,  Brummel-Ziedins  KE, 
Everse  SJ.  The  impact  of  uncertainty  in  a  blood  coagula¬ 
tion  model.  Math  Med  Biol  2009;26:323-36. 

30.  Brummel  Ziedins  K,  Rivard  GE,  Pouliot  RL,  Butenas  S, 
Gissel  M,  Parhami-Seren  B,  Mann  KG.  Factor  Vila  replace¬ 
ment  therapy  in  factor  VII  deficiency.  J  Thromb  Haemost 
2004;2:1735-44. 

31.  Brummel-Ziedins  KE,  Pouliot  RL,  Mann  KG.  Thrombin 
generation:  phenotypic  quantitation.  1  Thromb  Haemost 
2004;2:281-8. 

32.  Orfeo  T,  Butenas  S,  Brummel-Ziedins  KE,  Gissel  M,  Mann 
KG.  Anticoagulation  by  factor  Xa  inhibitors.  I  Thromb 
Haemost  2010;8:1745-53. 

33.  Diamond  SL.  Systems  biology  to  predict  blood  function. 

I  Thromb  Haemost  2009;7(Suppl  l):177-80. 

34.  Lo  K,  Denney  WS,  Diamond  SL.  Stochastic  modeling  of 
blood  coagulation  initiation.  Pathophysiol  Haemost 
Thromb  2005;34:80-90. 

35.  Brummel-Ziedins  KE,  Vossen  CY,  Butenas  S,  Mann  KG, 
Rosendaal  FR.  Thrombin  generation  profiles  in  deep 
venous  thrombosis.  I  Thromb  Haemost  2005;3:2497-505. 

36.  Morrissey  fH,  Macik  BG,  Neuenschwander  PF,  Comp  PC. 
Quantitation  of  activated  factor  VII  levels  in  plasma  using 
a  tissue  factor  mutant  selectively  deficient  in  promoting 
factor  VII  activation.  Blood  1993;81:734-44. 

37.  Hardy  IF,  De  Moerloose  P,  Samama  M.  Massive  transfusion 
and  coagulopathy:  pathophysiology  and  implications  for 
clinical  management.  Can  I  Anaesth  2004;51:293-310. 

38.  Dickneite  G,  Doerr  B,  Kaspereit  F.  Characterization  of  the 
coagulation  deficit  in  porcine  dilutional  coagulopathy  and 
substitution  with  a  prothrombin  complex  concentrate. 
Anesth  Analg  2008;106:1070-7. 


39.  Glantz  SA.  Primer  of  biostatistics.  6th  ed.  New  York: 
McGraw-Hill;  2005. 

40.  Schols  SE,  Heemskerk  IW,  van  Pampus  EC.  Correction  of 
coagulation  in  dilutional  coagulopathy:  use  of  kinetic  and 
capacitive  coagulation  assays  to  improve  hemostasis. 
Transfus  Med  Rev  2010;24:44-52. 

41.  Schreiber  MA.  Coagulopathy  in  the  trauma  patient.  Curr 
Opin  Crit  Care  2005;11:590-7. 

42.  Mackman  N.  Role  of  tissue  factor  in  hemostasis,  thrombo¬ 
sis,  and  vascular  development.  Arterioscler  Thromb  Vase 
Biol  2004;24:1015-22. 

43.  Darlington  DN,  Delgado  AV,  Kheirabadi  BS,  Fedyk  CG, 
Scherer  MR,  Pusateri  AE,  Wade  CE,  Cap  AP,  Holcomb  IB, 
Dubick  MA.  Effect  of  hemodilution  on  coagulation  and 
recombinant  factor  Vila  efficacy  in  human  blood  in  vitro. 

J  Trauma  2011;71:1152-63. 

44.  Dickneite  G,  Dorr  B,  Kaspereit  F,  Tanaka  KA.  Prothrombin 
complex  concentrate  versus  recombinant  factor  Vila  for 
reversal  of  hemo dilutional  coagulopathy  in  a  porcine 
trauma  model.  I  Trauma  2010;68:1151-7. 

45.  Kheirabadi  BS,  Crissey  IM,  Deguzman  R,  Perez  MR,  Cox 
AB,  Dubick  MA,  Holcomb  IB.  Effects  of  synthetic  versus 
natural  colloid  resuscitation  on  inducing  dilutional  coagul¬ 
opathy  and  increasing  hemorrhage  in  rabbits.  J  Trauma 
2008;64:1218-28;  discussion  1228-9. 

46.  Pragst  I,  Kaspereit  F,  Dorr  B,  Dickneite  G.  Prothrombin 
complex  concentrate  (Beriplex  P/N)  for  control  of  bleeding 
after  kidney  trauma  in  a  rabbit  dilutional  coagulopathy 
model.  Thromb  Res  2010;125:272-7. 

47.  Bolliger  D,  Szlam  F,  Levy  fH,  Molinaro  RJ,  Tanaka  KA. 
Haemodilution-induced  profibrinolytic  state  is  mitigated 
by  fresh-frozen  plasma:  implications  for  early  haemostatic 
intervention  in  massive  haemorrhage.  Br  I  Anaesth  2010; 
104:318-25. 

48.  Bolliger  D,  Szlam  F,  Molinaro  RJ,  Rahe-Meyer  N,  Levy  JH, 
Tanaka  KA.  Finding  the  optimal  concentration  range  for 
fibrinogen  replacement  after  severe  haemodilution:  an  in 
vitro  model.  Br  J  Anaesth  2009;102:793-9. 

49.  Dickneite  G,  Pragst  I.  Prothrombin  complex  concentrate 
vs  fresh  frozen  plasma  for  reversal  of  dilutional  coagul¬ 
opathy  in  a  porcine  trauma  model.  Br  J  Anaesth 
2009;102:345-54. 

50.  Brummel-Ziedins  K,  Whelihan  MF,  Ziedins  EG,  Mann  KG. 
The  resuscitative  fluid  you  choose  may  potentiate  bleed¬ 
ing.  J  Trauma  2006;61:1350-8. 

51.  Spinella  PC,  Holcomb  JB.  Resuscitation  and  transfusion 
principles  for  traumatic  hemorrhagic  shock.  Blood  Rev 
2009;23:231-40. 

52.  Mitrophanov  AY,  Groisman  EA.  Positive  feedback  in  cellu¬ 
lar  control  systems.  Bioessays  2008;30:542-55. 

53.  Butenas  S,  van’t  Veer  C,  Mann  KG.  “Normal”  thrombin 
generation.  Blood  1999;94:2169-78. 

54.  Dargaud  Y,  Luddington  R,  Gray  E,  Lecompte  T,  Siegemund 
T,  Baglin  T,  Hogwood  J,  Regnault  V,  Siegemund  A,  Negrier 
C.  Standardisation  of  thrombin  generation  test — which 


Volume  52,  November  2012  TRANSFUSION  2485 


MITROPHANOV  ET  AL. 


reference  plasma  for  TGT?  An  international  multicentre 
study.  Thromb  Res  2010;125:353-6. 

55.  Kheirabadi  BS,  Crissey  IM,  Deguzman  R,  Holcomb  IB.  In 
vivo  bleeding  time  and  in  vitro  thrombelastography  mea¬ 
surements  are  better  indicators  of  dilutional  hypothermic 
coagulopathy  than  prothrombin  time.  J  Trauma  2007;62: 
1352-9;  discussion  1359-61. 

56.  Baglin  T.  The  measurement  and  application  of  thrombin 
generation.  Br  J  Haematol  2005;130:653-61. 

57.  Gerotziafas  GT,  Depasse  F,  Busson  J,  Leflem  L,  Elalamy  I, 
Samama  MM.  Towards  a  standardization  of  thrombin  gen¬ 
eration  assessment:  the  influence  of  tissue  factor,  platelets 
and  phospholipids  concentration  on  the  normal  values  of 


Thrombogram-Thrombinoscope  assay.  Thromb  I  2005;3: 
16. 

58.  Weiss  G,  Lison  S,  Spannagl  M,  Heindl  B.  Expressiveness  of 
global  coagulation  parameters  in  dilutional  coagulopathy. 
Br  J  Anaesth  2010;105:429-36. 

59.  Lier  H,  Krep  H,  Schroeder  S,  Stuber  F.  Preconditions  of 
hemostasis  in  trauma:  a  review.  The  influence  of  acidosis, 
hypocalcemia,  anemia,  and  hypothermia  on  functional 
hemostasis  in  trauma.  I  Trauma  2008;65:951-60. 

60.  Johnston  TD,  Chen  Y,  Reed  RL  2nd.  Functional  equiva¬ 
lence  of  hypothermia  to  specific  clotting  factor  deficien¬ 
cies.  I  Trauma  1994;37:413-7.  □ 


2486  TRANSFUSION  Volume  52,  November  2012 


